Miniaturization and integration are the main trends in modern photonic technology. In this chapter, two kinds of micro-/nano liquid crystal (LC) layer-based tunable optical fiber interferometers are proposed. One fiber interferometer is the optical fiber gratings (LPGs), and the other one is the locally bent microfiber taper (LBMT). The working principles of the devices are theoretically analyzed. The preparation process and the functional properties of the devices are experimentally investigated as well.
Introduction
As optical materials that exhibit very large anisotropic properties, liquid crystal (LC) has been used in a variety of photonic applications with an eye toward enabling tunable optical responses, with stimuli including thermal [1] , electrical [2] , magnetic [3] , and optical fields [4] . Miniaturization and integration are the main trends in modern photonic technology. With the help of micro-/nanofabrication technology, people can design and prepare various optical fiber micro-/nanostructures and devices, which exhibit significant difference in characteristics when the functional structure size decreases to micrometers and/or nanometers. These special physi-with that of the traditional sized optical fiber devices, the advantages in performance of the micro-/nano LC layer based ones are verified. The main contents of this chapter are as follows.
Two kinds of typical optical fiber-based modal interference devices and the relevant micro-/ nanofabrication technology are proposed in Section 2.1. One typical fiber modal interference device is the optical fiber grating. The other typical device is the tapered optical fiber. Adopting optic fiber surface micro-/nanostructure technology, two kinds of micro-/nano liquid crystal layer-based wide range tunable optical fiber devices are achieved. The properties of the cladding modes in LPG coated with a high refractive index (HRI) micro-/nanometer overlay are theoretically studied in Section 2.2. The resonant wavelength and spectral characteristics of the four layer model long period grating are also analyzed based on the coupled-mode theory. Besides, the transmission spectra of LPG with different overlay thickness and refractive indices are numerically calculated. The tuning characteristics of locally bent microfiber taper (LBMT) covered with a nanosized HRI layer under different temperatures and electric field intensities have been theoretically analyzed in Section 2.3. The mathematical model for LBMT is established. The mode coupling and interference characteristics in a LBMT are described. In Section 2.4, a new structure LPG coated with nanosized HRI-LC layer is experimentally realized. The refractive indices of LC at different temperatures are measured. Using the sample brush coating technology, LC layers with different thicknesses are deposited on the surface of LPG. The sensitivity of the resonance wavelength to the change of the nanoscale overlay refractive index is experimentally observed. Experimental results show that the phenomenon of cladding mode reorganization in HRI-LC-coated LPG occurs when the high refractive index (HRI) of the nanosized LC overlay is changed from 1.477 to 1.515 resulting from temperature increasing from 20 to 65°C. The electro-optic tuning ability of LPG coated with the HRI-LC layer is also demonstrated. By choosing an appropriate operating point, the maximum tuning range can reach approximately 10 nm. The experimental results are in good agreement with the theoretical analysis in Section 2.2. The transmission characteristics of the nanosized HRI-LC layercoated LBMT in response to the environmental temperature, and external electric fields have been experimentally investigated in Section 2.5. A microfiber taper with a diameter of ~3.72 μm is fabricated using the flame brushing technique. By bending the transition region of the taper and later by placing a ~200-nm LC layer over the uniform taper waist region, a high-efficiency thermal and electric tunable LC-coated LBMT interferometer is achieved. This suggests a potential application of this device as tunable all-fiber photonic devices, such as filters, modulators, and sensing elements. Finally, conclusions are drawn in section 3.
Micro-/nano LC layer-based tunable optical fiber interferometers

Two kinds of typical optical modal interferometers
Long period gratings (LPG)
In-fiber long period gratings (LPG), which have the ability to couple energy from the code mode to different cladding modes with the same propagation direction, have been widely investigated in the field of optical sensing and communication [5] .
Up to date, most of the studies have concentrated on the analysis of the LPG response to the surrounding medium refractive index (SRI) smaller than that of silica [6] . The idea of coated LPG with a thin HRI layer was first put forward by Rees et al. [7] . Then, Wang et al. presented a detailed study to investigate the sensitivity of LPG to SRI when they are coated with a nanosized HRI film [8] . In the same year, a comprehensive investigation of mode transition in HRI layer-coated LPG was reported by Cusano et al. [9] . Their analysis indicated that the cladding modes reorganization occurred for a fixed overlay thickness and refractive index by increasing the SRI. In fact, changing the HRI could also result in cladding modes reorganization. The theoretical and experimental study proposed by Del Villar et al. showed that by selecting an appropriate overlay thickness, the highest sensitivity of the resonance wavelengths to HRI change of the overlay can be obtained [10, 11] .
Tapered optical fiber interferometer
Fiber tapers, which have a variety of functions including filtering, light coupling, and sensing, consist of a waist between two tapered sections fabricated by heating and pulling technology [12, 13] . Different length and shape of the first tapered section have different effects on the input mode [13] .
Recently, we reported a compact fiber interferometer named LBMT interferometer [14] [15] [16] . This kind of interferometer has unique features of low insertion loss and ultrathin taper waist, so it is promising for high-sensitivity sensing. It is interesting to integrating a LBMT interferometer and functional material due to physical effect of functional material and the high sensitivity of the microfiber to the surroundings.
Mode transition in the nanosized HRI overlay-coated LPG
Theory background
Based on the phase-matching condition between the core and the cladding modes, the center wavelength λ i of the jth attenuation band can be expressed as [17] 
where n co is the effective refractive index of the core mode and n cl i is the effective refractive index of the ith cladding mode. Λ is the grating period [5] . 
Numerical analysis of HRI overlay-coated LPG
The analysis used the standard Corning SMF-28 optical fiber parameters: numerical aperture 0.14, refractive index difference 0.36% [9] , cladding, and core diameter 125 and 8.2 μm, respectively. The HRI-LC overlay is with refractive index of 1.47-1.55 close to the experimental testing [19] and with different thickness changing from 600 to 900 nm.
Each effective refractive index of the first six cladding modes as a function of the HRI is represented in Figure 2 (a) for a 600-nm HRI overlay. From the figure, we know that each effective refractive index of the first six cladding modes goes up as the HRI increases, until a critical point is reached, when a significant shift in the effective refractive index occurs. There is a specific value of HRI that makes the lowest order cladding mode to be guided within the overlay for a fixed overlay thickness.
Figures 2(b)-(d)
show the effective refractive index for a HRI overlay of 700, 800, and 900 nm, respectively. It can be seen that the transition point moves to a lower HRI as the overlay thickness increases.
Tuning effect of nanosized HRI-LC overlay-coated LBMTs
Mode coupling and interference in LBMTs
The fiber taper can be divided into two zones: (1) the taper waist with a constant diameter d 0 and (2) the transition region with a diameter continuously varying from d 0 to 125 μm. A LBMT is fabricated by bending the transition regions of the taper to form a modal interferometer.
To study the modal characteristics in the bent transition region, we assume the bent fiber taper as a sequence of straight segments of the same length l with an angle of θ [20] (see Figure 3 (a)) [15] . The complex amplitude, a pq (i+1) , of the modes in the (i+1)th region is given by [20] a pq
where l i is the length of the ith region, β nm i and ψ nm i are the propagation constant and the normal field of the LP mn mode in the ith region, respectively [15] . ψ pq (i+1) * is the complex conjugate of the mode field of the LP pq mode in the (i+1)th region [15] .
The local-mode power evolution along the LBMT under various bending curvatures was theoretically examined. The LBMT parameters are as follows: d 0 = 3.7 μm, L 0 = 6 mm, and Liquid Crystals -Recent Advancements in Fundamental and Device TechnologiesL t = 3 mm at λ = 1.550 μm. Each bent transition region was divided into 100 steps with the same length (L t /M). The 6-mm long uniform waist region has been considered as a step. From the modal shown in Figure 3 (b) [15] , we can calculate the appropriate values of the angle θ in the bent transition region. Figure 4 shows the evolution of the first four modes (LP 01 , LP 11 , LP 21 , and LP 02 ). As we can see that there is no power transfer from the fundamental mode to other high-order modes when the bending curvature 1/R = 0. As the bending curvature goes up, the LP 11 , LP 21 , and LP 02 modes are successively excited with their energy originated from the LP 01 mode. The power of each mode remains almost constant in the central uniform taper waist. When 1/R increases, the coupling between the fundamental mode and the first higher order mode, the decisive factor in the interference extinction ratio is strengthened. The optimized status can be obtained at a certain bending curvature (e.g. 0.455 mm
) with the maximum extinction ratio and the relatively low loss.
Spectral tuning characteristics of a LBMT with a nanosized HRI-LC overlay
We calculated Poynting vectors of 200-nm LC layer-coated silica microfiber with different diameters ranging from 1 to 5 μm operating at 1.55 μm wavelength by solving Maxwell's equations of a three-layer structured cylindrical wavelength numerically (see Figure 5(a)-(c) Liquid Crystals -Recent Advancements in Fundamental and Device Technologies 182 [16, 21] . In our calculation, the refractive indices of LC and silica microfiber are 1.50 and 1.44, respectively. We also calculated the amount of optical power guided in the LC layer and the air as a function of microfiber diameter in Figure 5(d) and (e), respectively [16] . When the diameter of microfiber goes up from 1 to 5 μm, the amount of optical power is changed from 18.4 to 0.98% in the LC layer and from 10.5 to 0.31% in the air, respectively, which results in smaller tuning efficiency and lower transmission loss.
High-order modes are excited successively from the fundamental mode after the light injects into the uniform taper waist from a locally bent transmission region. In the output bent transition region, these modes will couple back into the fundamental mode and the wavelengthdependent transmission spectrum could be expressed as [16] 
where I m is the amplitude of the propagation mode, Δn eff is the effective index difference, and L 0 is the length of the taper waist. The attenuation peak wavelength λ N of the interferometer can be expressed as [16] where N is the interference order. According to Eq. (4), ∆n eff changes when the effective index of the propagation mode of the microfiber taper waist is altered by the surrounding refractive index, and as a result, a wavelength shift is obtained. Figure 6 shows the calculated Poynting vectors of a 3.72-μm diameter silica microfiber coated with different thickness HRI-LC overlay when wavelength is at 1.55 μm. As we can see, thicker LC films assure more optical power guided in the overlay for the fundamental mode and the first high-order mode. More optical power is converted to the radiation mode when the overlay thickness increases, which will result in a higher transmission loss.
The calculated transversal mode distributions for the first two modes with different 200-nm LC overlay HRIs are plotted in Figure 7 . Figure 8 depicts the effective index difference ∆n eff of the fundamental mode and the first high-order mode as a function of the refractive index of LC, when the overlay thickness being 200, 400, and 600 nm. We can see that more light energy concentrates in the outside LC layer with higher refractive index of the LC overlay, leading to an increased tuning range. The microfiber taper interferometer with higher overlay refractive index or thicker overlay thickness exhibits higher sensitivity. The higher the refractive index of the overlay, the smaller the effective index difference ∆n eff . 
Experimental study of nanosized HRI-LC layer-coated LPG
Temperature-dependent mode transition in HRI-LC-coated LPG
The LPG was fabricated on Corning SMF-28 fibers through CO 2 irradiation. The grating period is 620 μm, and the grating region is 50 mm. A white light source and an optical spectrum analyzer are used to record the spectral response. Attention bands were focus on the LP 02 and LP 03 modes in the range of 1400-1700 nm.
LC material MDA-98-3699 is from Merck. The refractive index of LC is higher than that of silica. The coating process is simple. We dipped a tampon with the liquid crystal, and daubed it on the fiber grating evenly. The surface tension of the slimy liquid crystal makes itself uniformly coated. Figure 9 shows the CCD photographs of the bare and LC-coated LPG taken by OLYMPUS STM6 measuring microscope. The thickness of the LC layer is controlled by the times of daubing. Figure 10 shows the CCD photographs of overlay thickness of about (a) 400 and (b) 800 nm. A heater box was used to change the temperature of the liquid crystal from 20 to 65°C. Liquid Crystals -Recent Advancements in Fundamental and Device Technologies Figure 11 shows the transmission spectrum of the ultrathin LC-coated LPG for different temperatures between 20 and 65°C. From the figure, we know that when temperature is increased from 20 to 58°C, wavelength blueshifts slightly (the LP 0i mode has been marked with i). A large wavelength shift is obtained in the attenuation band of LP 03 mode when the temperature goes up to about 59°C. The phenomenon of cladding modes reconfiguration appears when temperature in changed from 58 to 60°C. Figure 12 shows a clearer wavelength shift. As we can see, outside the transition region, the center wavelength of the LP 02 mode shifts from 1579.7 to 1579.2 nm, and the LP 03 mode shifts from 1687.5 to 1665.7 nm. However, only LP 03 mode can be observed within the transition region with its center wavelength changing from 1665.7 to 1583.7 nm, which shifts ~82 nm.
Measurement of the refractive index of LC at different temperatures
To clarify the experimental observations, the temperature dependent refractive index of the LC overlay was also measured. The methods for measuring the refractive index of liquids can be classified into refraction technique and reflection techniques including total reflection [22] . Figure 13 shows the schematic diagram of the experiment setup with an efficient method developed by Pu et al. [23] .
We immerse a detecting tip into air, water, and LC under different magnetic fields. The reflected light power under every condition is measured. Figure 14 shows the thermo-dependent HRI of LC in the infrared light region based on the experimental data. mode, the sensitivity to HRI in the transition region was approximately six times the sensitivity outside the transition region, which means that we can choose this region as high-sensitivity operating region for sensing application.
Electrical spectral tuning of LC-coated LPG at the highly sensitive operating point
A simple scheme for active electrically controlled tunable fiber gratings is illustrated schematically in Figure 16 . Two parallel substrates are used to fix the LC-coated LPG separated by two 125-μm spacers. The external electric fields are applied through a pair of electrodes under stabilized temperature at 20, 55, 58, 59, 60, and 65°C. The electrical spectra tunability of the LC-coated LPG under different temperatures is shown in Figure 17 . As we can see that the most sensitive operating point for the device is at 60°C, the maximum tuning range is about 10 nm. Liquid Crystals -Recent Advancements in Fundamental and Device Technologies Figure 18 shows the experimental setup. The microfiber taper integrated with the nanosized LC layer was pulled straightly first, and then, the transition regions of the microfiber taper were locally bent to form a fiber interferometer. Two pieces of strip electrodes parallel to each other were pressed against the microfiber with a 4-μm gap maintained by spacers. The profile parameters of the microfiber taper are as follows: the waist diameter d 0 ≈ 3.72 μm, waist length L 0 ≈ 6.3 mm, and bent transition region length Lt ≈ 3 mm. These parameters are given in Figure 18 (b) together with the critical diameter corresponding to the bent transition region. Figure 18(c) shows the SEM image of the taper waist.
Experimental investigation of nanosized LC-coated LBMT interferometer
The LC material MDA-98-3699 is from Merck [16, 24] . CCD photographs of the bare and LC-coated microfiber taper waist are shown in Figure 19 . By rubbing the strip electrodes directly on both sides of the microfiber, the planar anchoring of the LC can be obtained.
A comparison of transmitted spectra of a bare and LC-coated LBMT interferometer at 25°C is given in Figure 20 . Compared with the bare one, a redshift of ∼4.9 nm and a decrease of the transmission loss peak of ∼2 dB can be observed.
We first measured the transmission spectra of the bare microfiber interferometer at temperatures ranging from 25 to 50°C, and the temperature responses for the attenuation peak at the wavelength of 1529.3 nm are shown in Figure 21 . Here, we can see from Figure 21 that the temperature response is only 0.026 nm/°C.
As to thermal tuning, we use the temperature dependence of the ordinary effective index of LC. We measured the ordinary refractive indices of the LC under different temperatures at a wavelength of 1.55 μm [25] . The ordinary refractive index of the LC increases linearly from 
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A redshift of 10.5 nm for the attenuation peak wavelength of 1534.2 nm was achieved as temperature increased from 25 to 35°C, as shown in Figure 22 . The tuning efficiency is ~1.05 nm/°C, which is approximately 40 times higher than that of the bare locally bent microfiber interferometer.
As to electric tuning, electric fields of 1.25, 2.50, and 3.75 V/μm were applied to the electrodes in our experiment by adjusting the tunable voltage source with the temperature stabilized at 25°C [16] . Figure 23(a) is the measured transmission spectra of the same attenuation peak under different electric fields. Figure 23(b) is the wavelength of attenuation peak as a function 2 , when the light polarization direction has an angle θ with respect to the average alignment of the molecules [19] . These experimental results are in good accordance with the above theoretical analysis.
Conclusions
In this chapter, two kinds of micro/nano LC layer based tunable optical fiber interferometers are reported. For interferometer 1, experimental results show that shifts of greater than 80 nm in the attenuation bands of the transmission spectrum of LPG can be obtained by changing the refractive index of the LC overlay through the thermo-optic effect. For interferometer 2, due to the high sensitivity of the microfiber taper waist to the LC overlay refractive index, the thermal sensitivity as high as 1.05 nm/°C has been achieved, and the electrical tuning range is ~ 5.8 nm when the external electric field is applied up to 3.75 V/μm. The results suggest that the potential application of the micro/nano LC layer based fiber interferometers as tunable all-fiber photonic devices, such as filter and all-optical switch.
